The presence of PM infarction does not correlate with ischemic mitral regurgitation. In patients with complete PM infarction and consequent discontinuity of viable tissue in the PM-chorda-mitral valve complex, the probability of developing ischemic mitral regurgitation seems to be increased. However, the severity of mitral regurgitation is not increased compared to patients with partial or no PM infarction. Key points ▪ No correlation between ischemic mitral regurgitation and presence of papillary muscle infarction ▪ Complete papillary muscle infarction results in dysfunction associated with ischemic mitral regurgitation ▪ Severity of mitral regurgitation not increased in patients with complete PM infarction Citation Format ▪ Bretschneider C, Heinrich H, Seeger A et al. Impact of Papillary Muscle Infarction on Ischemic Mitral Regurgitation Assessed by Magnetic Resonance Imaging. Fortschr Röntgenstr 2018; 190: 42-50 
ABSTR AC T
Objective Ischemic mitral regurgitation is a predictor of heart failure resulting in increased mortality in patients with chronic myocardial infarction. It is uncertain whether the presence of papillary muscle (PM) infarction contributes to the development of mitral regurgitation in patients with chronic myocardial infarction (MI). The aim of the present study was to assess the correlation of PM infarction depicted by MRI with mitral regurgitation and left ventricular function.
Methods and Materials 48 patients with chronic MI and recent MRI and echocardiography were retrospectively included. The location and extent of MI depicted by MRI were correlated with left ventricular function assessed by MRI and mitral regurgitation assessed by echocardiography. The presence, location and extent of PM infarction depicted by late gadolinium enhancement (LGE-) MRI were correlated with functional parameters and compared with patients with chronic MI but no PM involvement.
Results PM infarction was found in 11 of 48 patients (23 %) using LGE-MRI. 8/11 patients (73 %) with PM infarction and 22/37 patients (59 %) without PM involvement in MI had ischemic mitral regurgitation. There was no significant difference between location, extent of MI and presence of mitral regurgitation between patients with and without PM involvement in myocardial infarction. In 4/4 patients with complete and in 4/7 patients with partial PM infarction, mitral regurgi-tation was present. The normalized mean left ventricular enddiastolic volume was increased in patients with ischemic mitral regurgitation.
Introduction
Myocardial infarction (MI) is frequently associated with ischemic mitral regurgitation [1] . Acute mitral regurgitation necessitating immediate surgery due to complete or sequential papillary muscle (PM) rupture is a rare major adverse cardiac event [2, 3] . In the majority of patients, ischemic mitral regurgitation develops gradually due to remodeling of the ischemic myocardium and altered hemodynamic conditions in the left ventricle [4] . Additionally, PM infarction may contribute to the development of ischemic mitral regurgitation by tethering of the chordae and subsequent dysfunction of the PM-chorda-mitral valve complex [5] . Ischemic mitral regurgitation is associated with cardiac morbidity and mortality and is therefore regarded as an unfavorable prognostic factor [6] .
Although PM viability is regarded as a prognostic factor when considering mitral valve replacement or repair, its impact on the development of ischemic mitral regurgitation is uncertain [3, 7 -10] . In comparison to intraoperative findings, the extent of PM damage is frequently underestimated by echocardiography [11] . Thus, patients with ischemic mitral regurgitation may benefit from magnetic resonance imaging (MRI) prior to mitral valve repair or replacement as it provides reliable information on left ventricular function, myocardial viability and PM morphology [8, 12 -14] .
The aim of the presented study was to correlate the frequency of PM involvement depicted by LGE MRI in patients with chronic MI with the presence and extent of ischemic mitral regurgitation assessed by echocardiography. 
Method and Materials

Inclusion criteria
The inclusion criteria were: proven single event of MI clearly related to one cardiac region and more than three months prior to cardiac MRI, current echocardiography and patient age between 18 and 80 years.
Exclusion criteria
The exclusion criteria were: aortic valve insufficiency grade 2 or higher, MI involving more than one cardiac region, known mitral valve leaflet pathology, ventricular or atrial septum defect, and general contraindications for MRI.
Ultimately 48 patients meeting the inclusion criteria could be included retrospectively. The reason for the exclusion of 232 patients was incompleteness of essential data: unknown date of MI, no CK values of acute MI on record, no contemporary echocardiography, no assessment of mitral valve function on record.
Patient characteristics
Clinical data including arterial hypertension, hyperlipoproteinemia, diabetes mellitus, nicotine consumption and body mass index (BMI) were recorded according to the patient file. The maximum serum creatinine kinase (CK max ) recorded during acute MI was correlated with the extent of chronic MI depicted by LGE MRI. CK max was defined as the highest creatine kinase value on record measured in blood samples taken from the patient during hospitalization for acute myocardial infarction. The CK max value was considered representative for the size of the MI.
MR imaging
All MR examinations were performed on a 1.5 T imager (Magnetom Sonata / Avanto Siemens Healthineers, Erlangen, Germany), using a dedicated multichannel receiver coil. The MR imaging protocol included cine steady-state free-precession (SSFP) sequences in a 4-chamber view, 2-chamber view as well as in short-axis views from mitral valve to apex. The sequence parameters were as follows: TR 39.9 ms, TE 1.12 ms, slice thickness 6 mm, field of view 300 -360 mm, flip angle 70°, matrix 192*100 and a T1w inversion recovery (IR) GRE sequence in corresponding slice location and orientation to the cine SSFP sequences (TR 11 ms, TE 44 ms, slice thickness 6 mm, flip angle 25°, baseline matrix 265) 15 minutes after intravenous contrast medium (0.15 mmol Gadobutrol/kg bodyweight, Bayer Vital, Leverkusen, Germany) injection. By using an inversion time localizer sequence, the individual inversion time (TI) was determined to optimally suppress the signal from the normal myocardium. The mean interval between MI and MR examination was 1051 ± 1728 days. The mean interval between MRI and echocardiography was 81 ± 71 days.
Image interpretation
MR images were assessed by two independent experienced readers for the presence, extent and location of PM infarction (CB: eight years of cardiac MRI experience, BK: thirteen years of cardiac ▶ MRI experience). Quantitative assessment of left ventricular function and size of the MI was performed by two readers in consensus (CB, HH).
Left ventricular function
Dedicated software (ARGUS ® , Siemens Healthineers, Erlangen, Germany) was used for post-processing and determination of cardiac functional parameters (ejection fraction (EF), end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV)).
For the assessment of functional parameters, the modified Simpson's rule was used, based on the manually segmented left ventricular contours in end-diastolic and end-systolic short-axis images [15] . All parameters are given as normalized values (normalized on patient's body surface area (BSA)).
Myocardial viability
Image evaluation included detection of PM involvement and transmural extent of MI. The myocardium was defined as infarcted if regional late contrast enhancement was observed 15 minutes after the injection of contrast medium. PM involvement was assessed regarding the extent and location. PM infarction was differentiated as anterior and posterior papillary muscle infarction and complete or partial infarction (▶ Fig. 1 ). Hyperenhancement on LGE images of the whole cross-sectional area of the involved PM was classified as complete papillary muscle infarction since viability of the PM-chorda unit was not preserved in its continuity (▶ Fig. 1b ). Hyperenhancement on LGE images of a part of the cross-sectional area of the involved PM was classified as partial papillary muscle infarction with preserved continuity of the viability of the PM-chorda unit (▶ Fig. 1a ). Hyperenhancement of the PM surface only was not regarded as PM infarction as this could arise from enhancement of the normal endocardium which is also present in patients without MI. For quantitative assessment of MI, manual planimetry of hyperenhancement representing MI on LGE images was performed on all slices on which MI was identified and multiplied by the distance between the slice center positions to calculate volumes [15] .
Statistical analysis
Data were statistically evaluated using dedicated software (JMP, SAS Institute Inc., North Carolina, USA). If not otherwise indicated, results are given as mean ± standard deviation. To test for a correlation of PM infarction and MI size as well as CK max , both parameters were compared in patients with and without PM involvement. As data did not show normal distribution, logarithmic values were used. To compare patients with and without PM involvement, Student`s t-test was applied. The correlation index for CK max values and MI size depicted by LGE was calculated. Left ventricular functional parameters including EF, EDV, ESV, and SV were compared to test for differences between patients with and without PM involvement. Functional parameters were normalized to body surface to reduce a bias arising from patient size. To test for differences in left ventricular function and patient age, Student`s t-test was applied. These functional parameters were also compared for patients with and without mitral regurgitation to analyze the impact of ischemic mitral regurgitation on left ventricular function assessed by MRI. To test for differences in the frequency and degree of ischemic mitral regurgitation and transmural extent of MI between patients with and without PM infarction, the Mann-Whitney U-test was applied. P-values < 0.05 were considered significant.
Results
The mean age was 59.4 ± 13.2 years for patients with PM infarction and 62 ± 10.1 years for patients without PM infarction, p = 0.55, which is not a significant difference.
Left ventricular function
Results of the functional analysis are tabulated in ▶ Table 2, 3 .
There are no significant differences for patients with and without PM infarction regarding left ventricular function. The mean left ventricular ESV is moderately increased in patients with PM infarction (▶ Table 2 ). In contrast, the comparison of functional parameters between patients with and without mitral regurgitation reveals a significantly increased ESV in patients with mitral regurgitation whereas the other parameters do not differ significantly (▶ Table 3 ). The degree of ischemic mitral regurgitation did not differ significantly between patients with and without PM involvement (▶ Table 2 ). However, regarding only patients with PM infarction, ischemic mitral regurgitation is present in four of four patients (100 %) with complete PM infarction, whereas ischemic mitral regurgitation in patients with partial PM infarction is present in four of seven patients (57 %). Ischemic mitral regurgitation was found in 22 of 37 patients without PM infarction (59 %).
▶ Fig. 1 
Myocardial viability
Results of the myocardial viability analysis are tabulated in ▶ Table 2 . PM infarction depicted by LGE was found in 11 of 48 patients (▶ Fig. 2 -4) . Neither the size of the MI depicted by LGE MRI nor transmural extent nor CK max values differed significantly between patients with and without PM involvement (▶ Table 2 ). A moderate correlation of r = 0.407 (p = 0.0045) was found between mean CK max and mean infarction size. The distribution and extent of papillary muscle infarction are tabulated in ▶ Table 4 .
Discussion
Ischemic mitral regurgitation is associated with increased morbidity and mortality and is consequently regarded as an unfavorable prognostic factor [6] . Whether ischemic mitral regurgitation arises from dysfunction of the mitral valve complex due to PM infarction or is an effect of left ventricular remodeling is uncertain [5] . In the present study no difference between patients with and without PM infarction could be found regarding frequency and degree of ischemic mitral regurgitation as well as left ventricular function and myocardial viability. Patients with MI of the complete cross-sectional area of PM were more frequently affected by ischemic mitral regurgitation than patients with only partial PM infarction although there was no difference in its severity. Patients with partial PM infarction did not differ from patients with MI other than a lack of PM involvement regarding ischemic mitral regurgitation. Compared to results published by Tanimoto et al. [17] reporting a prevalence of 40 %, PM infarction was observed less frequently in the present study with a prevalence of 23 %. These results are more in line with a frequency of 19 -32 % as published in autopsy studies [18] . As PM involvement correlates with the size of the MI, the explanation for the higher prevalence of PM infarction in the Tanimoto study is probably the larger size of MI reflected by markedly higher CK max values. Tanimoto et al. conclude that ischemic mitral regurgitation is brought about by left ventricular remodeling, and there is no evidence of a contribution of PM infarction. However, they assessed only the presence of PM infarction and the size of the MI, whereas the present study analyzed the extent of PM infarction in order to assess its impact on ▶ Table 2 There is no significant difference regarding frequency and degree of ischemic mitral regurgitation as well as size and transmurality of myocardial infarction and CK max values between patients with (PM+) and without (PM-) papillary muscle involvement. The comparison of the left ventricular function parameters indicates no significant difference. Only the mean left ventricular endsystolic volume is moderately increased in patients with papillary muscle involvement. Fig. 4 ), mitral regurgitation was present, compared to only four of seven patients with partial PM infarction (▶ Fig. 3) . The difference between patients with MI of the complete cross-sectional area and patients with only partial PM infarction suggests a correlation with the development of ischemic mitral regurgitation. As there is no difference in the frequency of ischemic mitral regurgitation between patients with partial PM infraction (57 %) and patients without PM involvement (59 %), the presence of partial PM infarction but preserved viable mitral-chorda-papillary muscle continuity seems to have no adverse effect on mitral valve function. These results suggest a functional impairment of the mitral-chorda-papillary muscle complex if no viable continuity is preserved due to complete PM infarction although the necrotic PM is still in place. As the degree of ischemic mitral regurgitation did not differ between patients with complete, partial or no PM infarction, complete PM infarction seems to be associated with an increased prevalence of mitral regurgitation but does not result in high-grade mitral regurgitation. A potential rea-son is that complete PM infarction impairs the function of the PMchorda-mitral valve complex due to discontinuity of viable tissue but the fact that the necrotic tissue is still in place provides residual function, thus preventing high-grade mitral regurgitation which in contrast occurs in the event of PM rupture. These findings are supported by the fact that preservation of the sub-valvular apparatus and papillary muscle continuity contributes to the improvement of the prognosis in patients with ischemic mitral regurgitation [19] . Consequently, LGE-MRI could be a suitable approach for identifying patients at risk for the development of ischemic mitral valve regurgitation, based on the extent of PM involvement [11] .
In contrast to the current literature, the size of the MI as well as CK max did not differ significantly between patients with and without PM involvement although both were slightly higher in patients with PM involvement [20] . This might be a result of the number of patients with PM involvement being too small to reach significance.
Ischemic mitral regurgitation was found in 73 % of patients with PM infarction and in 59 % of patients with MI but no sign of PM involvement. Ischemic mitral regurgitation after MI is frequently observed and is usually mild [8, 21, 22] . In our study group, second-grade mitral regurgitation was found in 3 of 29 patients with ischemic mitral regurgitation compared to 10 % in the published data [8] . Yet, in patients with ischemic mitral regurgitation, even a mild degree of mitral regurgitation is strongly associated with an unfavorable prognosis. On the other hand, mild mitral regurgitation is frequently observed in about 45 % of people older than 50 years [23] . Consequently, difficulties in differentiating between ischemic mitral regurgitation after MI and preexisting mitral regurgitation may arise as the mean age of patients was 61 years and mitral regurgitation could therefore be expected in a significant percentage.
Ischemic mitral regurgitation is believed to initiate myocardial remodeling associated with left ventricular dilatation due to increased diastolic wall stress and decreased contractility with a ▶ Fig. 2 ▶ Table 4 The distribution analysis of PM infarction indicates a preference for the posterior PM which is more frequently affected. In two patients both the anterior and posterior PM were affected thus resulting in four patients with anterior PM and nine patients with posterior PM involvement and in summary eleven patients with PM infarction. consecutively increased end-systolic volume [24, 25] . Our results are in concordance with these reports, as the end-systolic volume was significantly increased in patients with ischemic mitral regurgitation.
Published data indicate that PM infarction is usually the result of ischemia of the inferior and inferolateral left ventricular myocardium [17, 26] . Due to the vascular anatomy of the PM, the anterior PM is much less frequently affected [11, 27] . The posterior PM was also more frequently affected, with nine patients compared to four with anterior PM involvement. Yet, the difference was lower compared to the published data, which referred however to a rupture of the PM, reporting a three-fold higher frequency. ▶ Fig. 3 LGE short-axis views a-c and long-axis view d acquired in a 44-year-old male patient with transmural myocardial infarction of the apex (d, asterisk). The posterior papillary muscle exhibits superficial contrast enhancement (a-d, arrows) with a viable core (a-c, dashed arrows) representing partial ischemic necrosis. High-grade mitral regurgitation in PM infarction usually results from acute PM rupture and is a major adverse cardiac event [30] . As it is a rare event necessitating immediate mitral valve repair or replacement, these patients are not referred to MRI. In the case of limited PM infarction, especially if restricted to the superficial part, difficulties may arise with respect to the differentiation of this from normal enhancement of the endocardium on LGE images.
In conclusion, there is no difference in the overall frequency of ischemic mitral regurgitation between patients with and without PM infarction. Compared to patients with partial or no PM infarction, the frequency of mitral regurgitation is increased in patients with complete PM infarction, but the severity does not differ. A potential reason is the impaired PM function due to the discontinuity of viable tissue in spite of preserved continuity of the PM-chorda-mitral valve complex resulting in increased frequency of light ischemic mitral regurgitation.
